The cubic semiconducting compounds APd 3 O 4 (A = Ca, Sr) can be hole-doped by Na substitution on the A site and driven towards more conducting states. This process has been followed here by a number of experimental techniques in order to understand the evolution of electronic properties. While an insulator-to-metal transition is observed in Ca 1−x Na x Pd 3 O 4 for x ≥ 0.15, bulk metallic behavior is not observed for Sr 1−x Na x Pd 3 O 4 up to x = 0.20. Given the very similar crystal and (calculated) electronic structures of the two materials, the distinct behavior is a matter of interest.
Introduction
The study of insulator-to-metal transitions is an important topic in the fields of materials chemistry and condensed-matter physics. The profound change in properties associated with the transition are of great fundamental interest, even at the level of separating the elements into metals and non-metals. 1 In addition, a huge range of useful materials functionalities are often found associated with materials that display such transitions. 2, 3 In particular, understanding compositionally driven insulator-to-metal transitions in which carriers are doped into a material can lead to tuned carrier concentrations for optimal electrical properties in thermoelectric materials 4 or elevated T c in superconductors. 5 An important question regarding the nature of the transition driven by charge carrier dop-2 ing into semiconducting or insulating hosts is whether the transition is percolative (in the sense of forming as puddles of metal in the insulating background that coalesce at some concentration and drive the entire system metallic), or whether it occurs suddenly across the entirety of the material. Percolation of metallic regions is believed to lead to the colossal magnetoresistance observed in LaMnO 3 , 6-8 and leads to interesting magnetic and electronic properties in Sr substituted La 1−x Sr x CoO 3 . [9] [10] [11] [12] While the change in carrier concentration can be estimated based on the amount of doping, there are other considerations that can affect the onset of an insulator-to-metal transition. The size of the dopant ion relative to the crystallographic site, as well as complimentary changes in valence to maintain neutrality can impart local distortions that can also affect an insulator-to-metal transition. 13 Many complex palladium oxides have been previously shown to undergo compositional insulator-to-metal transitions. [14] [15] [16] [17] [18] The small bandgaps and significant Pd-d states just below the Fermi level in complex palladium oxides allows for the ease of hole-doping. Previous studies have suggested that some palladium oxides may have unique gapless electronic structures that can lead to interesting physics, 19, 20 though these results may be influenced by the tendency of some DFT functionals to underestimate bandgaps in small bandgap semiconductors. 21 Furthermore, complex palladium oxides are typically diamagnetic, allowing for more detailed studies of local structural changes throughout insulator-to-metal transitions with the use of solid-state NMR, which, while useful in examining local phase separation, is difficult to utilize in magnetic oxide materials. 22, 23 Recently, we have observed a high Seebeck coefficient with metallic conductivity in the complex palladium oxide PbPdO 2 when it undergoes an insulator-to-metal transition with Li-substitution. 24 A better understanding of the insulator-to-metal transitions can lead to improvements in the functional properties of these and other oxide materials. palladium is in its preferred square-planar coordination. The palladium square planes are corner-connected and form a 3D network throughout the crystal. 25 The crystal structures were characterized by X-ray powder diffraction on a Panalytical Empyrean powder diffractometer with Cu-K α radiation. Lattice parameters were determined by mixing the prepared materials with a silicon standard and recording from 10 • 2θ to 120 • 2θ. The x = 0.05 and x = 0.20 samples were additionally studied through synchrotron X-ray diffraction at the 11-BM beam line at the Advanced Photon Source at Argonne National Laboratory with wavelength λ = 0.414159Å. Rietveld 27 refinement was performed using the TOPAS academic software. 28 Crystal structures were visualized using VESTA. 29 Neutron scattering data for pair distribution function (PDF) analysis was collected at the NOMAD diffractometer 30 at the Spallation Neutron Source, Oak Ridge National Laboratory. Least-squares refinement of the reduced PDF was performed using the PDFgui program. 31 Single pulse 23 Na solid-state magic angle spinning (MAS) NMR experiments were performed at 300 K on a Bruker ASCEND III HD 400 MHz (9.4 T) spectrometer. Samples were packed into a 4 mm zirconia rotor with Kel-F caps and spun at a rate of 8 kHz. The single pulse experiment used a pulse length of 0.83 µs corresponding to a π/12 tip angle. The 23 Na shifts were referenced to 1 M NaCl. For electrical resistivity measurements, the materials were sintered as bar pellets approximately 9 mm in length and four copper wires were attached with a silver paste before running them in a He refrigerator from 300 K to 25 K. The electronic structure was calculated using density functional theory (DFT) as implemented in the Vienna ab initio Simulation Package (VASP) 32, 33 with projector-augmented wave (PAW) pseudopotentials. 34 For structure optimization, the exchange-correlation was described by Perdew-Burke-Ernzerhof within the generalized gradient approximation (GGA-PBE) 35 using a Γ center k-mesh of 8×8×8 and a tetrahedron smearing method. A screened hybrid functional (HSE06) 36 was used to calculate the density of states (DOS). with Na substitution. Blue circles represent stoichiometric Na substitution levels and lattice parameters refined on a laboratory Cu-K α diffractometer with a Si standard. Red squares represent refined Na occupancy values and lattice parameters from synchrotron X-ray diffraction data for the nominal x = 0.05 and x = 0.20 substitution levels. The green plus represents the refined Na occupancy value and lattice parameter using neutron diffraction data. diffraction data are used in Figure 3 for the x = 0.20 Sr sample as the significant peak tails in the X-ray data prevented reliable refinements.
Experimental and Computational Methods

Polycrystalline samples of
A 1−x Na x Pd 3 O 4 (A = Ca, Sr), 0 ≤ x ≤ 0.2,
Results and discussion
Electrical Properties and Electronic Structure
In order to study the insulator-to-metal transitions in these materials, the electrical resis- those reported by Taniguchi and co-workers. 18 This result is surprising as both materials were prepared and processed identically and from the lattice parameter changes appear to be incorporating the Na dopants up to 20 mol %.
To explore the differing electronic behavior in these compounds, DFT calculations were carried out to investigate any differences in the electronic structure. The density of states (DOS) for both of the pristine materials are shown in Figure 5 . It is important to note that the DOS calculations were carried out using a hybrid functional in order to obtain a more accurate band gap value. The HSE calculations predict very small, nearly iden- Two different models were applied to better capture the peak tails in the 20 % substi-tuted samples. To simulate a concentration gradient of Na dopants across the material, a model was created with 8 P m3n phases with the lattice parameter and Na occupancy shifted by a constant amount between each phase. To simulate Na clustering, the second model was constructed of 2 phases where the Na concentration, lattice parameter, and size/strain contributions to the peak shapes were allowed to refine independently. These methods have been used in many material systems to examine phase separation and structural heterogeneity. 38, 39 Figure 7 illustrates the fit of each model to the main reflection (021) of Sr 0.80 Na 0.20 Pd 3 O 4 . The total Na occupancy was not fixed in either of the models and refined to between 12 % and 16 % total occupancy. While both models are able to capture the peak tails, there is no substantial difference between the two, and the nature of the Na substitution is still unclear from analysis of the diffraction data. The peak tails in synchrotron X-ray diffraction data of the highly substituted samples prompt a close study of the local structure in these materials in order to both explore the nature of the insulator-to-metal transition and to explain differences in the observed electronic properties. Neutron PDF data was utilized to investigate local deviations from the average crystallographic structure. Least squares fits of the PDFs are shown in Figure   8 . The data was fit against the crystallographic structure with nominal site occupancies over a fit range of 1.5Å to 5Å. The results of the fits are given in Table 1 .
By comparing the resulting fits against the average models, relative degrees of local disorder can be ascertained. As demonstrated by the goodness of fit parameters, R w , ( square planar network around Na dopants may be present, which is reasonable given the greater size difference between the Sr 2+ and Na 1+ ions. In addition to local distortions, any potential Na clustering may result in poorer fits to the local structure. A two phase fit including the possibility of a Na 2 CO 3 impurity was attempted, as some amount of Na 2 CO 3 was observed in solid state 23 Na NMR (see next section), though it did not improve the fit or capture the observed peak shoulder.
Deviations from Average Structure: Compositional Heterogeneities
In addition to PDF, solid-state 23 Na NMR was conducted to study the resolved local environment of the Na dopants in these materials. 23 Na is a spin 3/2 quadrupolar nucleus in 100% abundance, making it an attractive nucleus to study in the materials before and (15) 0.0040(7) 0.0028 (7) Pd U iso (Å 2 ) 0.0042(6) 0.0034(4) 0.0034(4) 0.0044(4) O U iso (Å 2 ) 0.0070 (8) 0.0064(6) 0.0055(5) 0.0058(6) R w (%) 12.7 11.0 9.0 17.7 14 after an insulator-to-metal transition as well as to examine differences between the Ca and Sr compounds. As a reference, we prepared metallic NaPd 3 O 4 , which possesses the same structure as CaPd 3 O 4 and SrPd 3 O 4 and can be thought of as a Na substitution level of x = 1.00. The structure of NaPd 3 O 4 has been reported previously, 40, 41 and reported electric
properties are in agreement with our measurements. 17, 26 A higher preparation temperature than was used for Na substitution in CaPd 3 O 4 and SrPd 3 O 4 was needed for phase purity.
The different panels of Figure 9 summarize the results on this interesting metallic oxide. Figure 9 (a) displays a Rietveld refinement of X-ray diffraction data of NaPd 3 O 4 displaying a single cubic phase with a =5.638Å. Figure 9 (b) displays a dominant peak observed at −6 ppm, as is expected due to the single Na site in the structure. This peak is narrow due to the symmetric environment of the crystallographic site, despite the quadrupolar nature of the 23 Na nucleus. A small amount of a potential impurity marked by * in Figure 9 may also be present. Note that despite the metallic nature of the sample, established from the resistivity vs. temperature data shown in Figure 9 (c), that the peak is not strongly Knight- shifted by the conduction electrons. 42 The 23 Na Knight shift can vary widely in magnitude and direction between various types of Na-substituted compounds, [43] [44] [45] but is generally expected to be small in a system like NaPd 3 O 4 where the conduction states are derived from other atoms, namely Pd. All of the Ca and Sr samples show 2 distinct Na environments represented by a sharp peak at 7 ppm and a broad signal centered around −10 ppm which grows relative to the sharp peak with increasing Na substitution. Metallic NaPd 3 O 4 (x = 1.00) shows a single sharp peak at −6 ppm. The asterisk represents a small amount of Na 2 CO 3 precursor.
insulating Ca/Sr matrix surrounding the isolated Na explains the differing chemical shifts in regards to the pure Na compound. The broad signal(s) appear at chemical shifts similar to the sharp peak of NaPd 3 O 4 , and thus we propose the origin of the broad peaks as arising from Na in metallic, Na-rich environments. The broadness may arise from a distribution in chemical shifts due to a distribution of the number of proximal Na atoms and/or a distorted Na coordination environment, leading to quadrupolar effects. In SrPd 3 O 4 , this peak is broader and more asymmetric in nature, further supporting a higher degree of disorder in comparison to the Ca sample at the same Na substitution level. Additionally, SrPd 3 O 4 clearly shows a greater tendency for a clustering of the Na dopants at x = 0.15, as the broad peak begins to coalesce towards the NaPd 3 O 4 (x = 1.00) peak. The CaPd 3 O 4 samples do not show as clear a clustering at the Na substitution levels studied through NMR.
The greater ionic size difference of Na and Sr most likely leads to the increased propensity for Na clustering. For both samples, the relative intensity of the broad peak grows with increasing Na concentration, suggesting a percolative insulator-to-metal transition mechanism. Even at small Na-substitution levels, there is evidence of metallic domains most likely arising from Na atoms in nearby proximity. However, the local disorder present in the Sr compounds limits the domain growth, thus preventing bulk metallicity. 23 Na NMR evidence suggests the formation of what appear to be metallic regions immediately upon Na substitution, despite bulk electrical transport suggesting that the samples remain in the insulating regime.This points to metallic and insulating regions in the sample that are phase-separated. This phenomena is well known in alkali-metal liquid NH 3 solutions, where the phase separation between more metallic, high alkali-content liquid from the insulating, less concentrated liquid can be physically observed, and has also been followed by NMR. 46 The phenomena of such microscopic phase separation was predicted by Mott, 47 23 Na NMR reveals an apparent percolative insulator-to-metal transition mechanism as metallic domains in the materials grow with increasing Na substitution. Increased disorder and a tendency for the Na to cluster when substituted into SrPd 3 O 4 are believed to act against metallicity by limiting metallic domain growth. This work highlights the need for detailed local probes to elucidate differences in observed material properties that are not easily explained by average structure techniques such as diffraction. A number of different local and bulk probes of structure and composition have allowed sodium for alkaline-earth metal substitution and concomitant hole-doping of two complex palladium oxide systems to be studied, unravelling the role of structural and compositional heterogeneities in determining the electronic properties of the two distinct systems.
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